In this paper, we present the shielding analysis to determine the necessary neutron and photon shielding for a laser-accelerated proton therapy system. Laser-accelerated protons coming out of a solid high-density target have broad energy and angular spectra leading to dose distributions that cannot be directly used for therapeutic applications. A special particle selection and collimation device is needed to generate desired proton beams for energyand intensity-modulated proton therapy. A great number of unwanted protons and even more electrons as a side-product of laser acceleration have to be stopped by collimation devices and shielding walls, posing a challenge in radiation shielding. Parameters of primary particles resulting from the lasertarget interaction have been investigated by particle-in-cell simulations, which predicted energy spectra with 300 MeV maximum energy for protons and 270 MeV for electrons at a laser intensity of 2 × 10 21 W cm -2 . Monte Carlo simulations using FLUKA have been performed to design the collimators and shielding walls inside the treatment gantry, which consist of stainless steel, tungsten, polyethylene and lead. A composite primary collimator was designed to effectively reduce high-energy neutron production since their highly penetrating nature makes shielding very difficult. The necessary shielding for the treatment gantry was carefully studied to meet the criteria of head leakage <0.1% of therapeutic absorbed dose. A layer of polyethylene enclosing the whole particle selection and collimation device was used to shield neutrons and an outer layer of lead was used to reduce photon dose from neutron capture and electron bremsstrahlung. It is shown that the two-layer shielding design with 10-12 cm thick polyethylene and 4 cm thick lead can effectively absorb the unwanted particles to meet the shielding requirements.
Introduction
It is well known that the use of proton beams provides the possibility of superior dose conformity to the treatment target as well as better normal tissue sparing as a result of the Bragg peak effect (Wilson 1946 , Bortfeld 1997 . While photons show high entrance dose and slow attenuation with depth, protons have a very sharp peak of energy deposition at the target region with a lower entrance dose and rapid falloff beyond the treatment depth. Despite the dosimetric superiority, the utilization of proton therapy has lagged behind that using photons and electrons because the facilities of proton therapy employing cyclotron and synchrotron technology are expensive and complex. This situation could be greatly improved if a compact, flexible and cost-effective proton therapy system is available, which would enable the widespread use of this superior beam modality and therefore bring significant advances in the management of cancer.
In recent years, there has been a great interest in using high-power lasers to accelerate charged particles Dawson 1979, Mourou et al 1998) . The idea of laser acceleration was first proposed in 1979 for electrons, and rapid progress in laser-proton acceleration began in the 1990s after chirped pulse amplification (CPA) was invented and convenient high-fluence solid-state laser materials such as Ti:sapphire were discovered and developed. Both theoretical and experimental studies have been carried out to accelerate protons or light ions using highpower, short-pulse lasers (Snavely et al 2000 , Clark et al 2000 , Bulanov et al 2000 , Nemoto et al 2001 . It has long been understood (Gitomer et al 1986) that ion acceleration with laser-produced plasmas relates to the hot electrons. A laser pulse interacting with the highdensity hydrogen-rich material (such as plastic, water vapor on the surface of the metal foil) ionizes it, and subsequently interacts with the created plasma. The commonly recognized effect responsible for ion acceleration is charge separation in the plasma due to high-energy electrons, driven by the laser inside the foil (Maksimchuk et al 2000) and an inductive electric field as a result of the self-generated magnetic field (Sentoku et al 2000) .
The most recent experimental results showed protons with energies up to 58 MeV using a petawatt laser (Key et al 1999 , Snavely et al 2000 , which is still below the energy requirements needed for radiation therapy applications. The mechanism for proton acceleration is still under study. But higher proton energy output can be expected as more powerful laser and better system designs are achieved. Using numerical simulations, Fourkal et al (2002) have investigated laser/foil parameters that can lead to effective proton acceleration. It was found that thin foils (0.5-1 µm thick) with electron densities of n e = 5 × 10 22 cm −3 and a laser pulse intensity of I = 10 21 W cm −2 and pulse duration of L = 50 fs are amenable to effective proton acceleration capable of producing protons with energies 200 MeV and higher. The results of these studies suggested that future experimental investigations should concentrate on the irradiation of thin foils with ultra-short high-intensity lasers. According to these simulations, it was shown that due to the broad energy spectrum and large angular distribution of the accelerated protons, it is impossible to use them for therapeutical treatments without prior proton energy selection and collimation. Once such an energy distribution is achieved, it is possible to give a homogeneous dose distribution through the so-called spread out Bragg peak (SOBP). The conformal dose distribution to the target laterally can be achieved by using multiple beams with intensity modulation.
In this paper, we present the design and dose calculations of a shielding system for a laseraccelerated proton radiation therapy facility. For conventional cyclotron or synchrotron based proton therapy facilities, the beam losses occurring during injection, RF capture, acceleration, transfer and delivery (Agosteo et al 1996) . These processes happen at different locations; therefore, the shielding calculations have to consider each radiation source separately. In the design of a laser-proton therapy unit, however, the target foil assembly and the beam selection device will be placed inside the rotating gantry. The laser is transported to the gantry directly and reaches the target foil through a series of mirrors. So the shielding calculations for a laseraccelerated proton therapy facility will concentrate on particle generation and transport inside the treatment gantry. Both electron and proton emission from the target foil are forward peaked along the axis of the laser beam and have a wide angular spread (Fourkal et al 2002) . Most of the primary charged particles are stopped in the primary collimator except a small fraction that passes into the particle selection system. As these high-energy protons and electrons come to rest, a fraction of them will undergo nuclear interactions that release high-energy neutrons, posing a radiation shielding challenge due to their abundance and highly penetrating nature. Bremsstrahlung radiation from electrons is another big issue in the shielding design since nearly half of the incident laser energy transfers to electrons which have a maximum energy almost the same as protons (Fourkal et al 2002) . Therefore, in this paper we will focus on bremsstrahlung photons and secondary neutrons from (p, n) and (gamma, n) reactions generated at the primary collimator and in the particle selection system.
Materials and methods

The proton selection and collimation system
We have investigated a compact device for particle selection and beam modulation, which utilizes a magnetic field to spread the laser-accelerated protons spatially, based on their energies and emitting angles, apertures of different shapes will be used to select protons within a therapeutic window of energy and angle (Luo et al 2005) . Such a compact device will eliminate the need of the massive beam transportation and collimating equipment in a conventional proton therapy system. The laser-proton target assembly and the particle selection and collimation device can be installed in the treatment gantry to form a compact treatment unit.
The schematic diagram of the system proposed is shown in figure 1 . It consists of a series of bending magnets that produce four separated magnetic fields. The particles produced by a high-intensity laser include not only protons, but also electrons, which construct the electrostatic field to accelerate protons. Particles coming from the thin foil target are forwardpeaked along the axis of the laser beam and will enter the magnetic field with a small angular spread. Lorentz force of the field will spread protons out, so that lower energy protons will have a larger angular deflection, thus achieving a desired spatial separation. Only protons of energies within an energy range will be allowed to pass through the energy selection aperture and refocused through an exit collimator. Beam selection collimators of different shapes, sizes and locations can be used to select particles of desired energies. Other protons will be stopped by the energy selection collimator or shielding walls depend on their energies. Electrons will be deflected downward by the magnetic field and absorbed by an electron stopper or shielding walls. Because of the broad angular distribution of the accelerated protons, there will be a spatial mixing of different energy protons once they go through the magnetic field. In order to reduce the spatial mixing of protons, it is necessary to introduce a primary collimation device which will collimate protons to the desired angular distribution. To achieve an effective proton spatial differentiation, it is desirable to have a small collimator opening angle. Thus most of the protons and electrons will be stopped by the primary collimator and this makes it a major source of secondary neutrons and bremsstrahlung photons. Therefore, a well-designed primary collimator with less secondary particle production and more attenuation is desirable. 
Source assumptions
Usually the energy range of protons utilized in proton therapy is from 60 MeV to 250 MeV that covers tumors at 2.5 cm to 38 cm depths. In this calculation, we performed particle-in-cell (PIC) simulations for 2 × 10 21 W cm -2 linearly polarized laser pulses with pulse durations 14, 35 and 49 fs. For these laser/plasma parameters, the maximum proton energy reaches the value of 140 MeV, 230 MeV and 300 MeV, respectively. Since the neutron multiplicity is a strong function of proton energy, the 300 MeV spectrum was chosen for this study. Figure 2 shows the energy distributions for the protons and electrons investigated in this work. The proton energy profile exhibits a long tail with a cutoff at around 300 MeV, which is a characteristic energy spectrum of electrostatically accelerated protons.
As mentioned earlier, the broad energy spectrum of laser protons provides opportunities for selecting protons of proper energies to deliver dose distributions with desired spread out Bragg peaks (SOBP). Using the particle selection device described above, we can modulate proton energies to deliver the SOBP in the target depth dimension. And because of the angular distribution of laser protons, different field sizes can be directly achieved by adjusting the open angle of the primary collimator without a beam scattering system. But at the same time, it also means only a small fraction of protons can pass through the magnetic fields for final collimation which poses a challenge in the shielding design.
An important issue that needs to be considered carefully for laser proton shielding calculation is the total number of initial particles required to deliver 1 Gy dose in the target region. Consider a hypothetical target with a spatial depth dimension of 8 cm, located at the depths between 14 cm and 22 cm. According to the NIST database, the energy range of polyenergetic protons required to cover this target is 140 MeV < E < 182 MeV. By using Monte Carlo simulations, we found that the dose deposited by protons in this depth range with a SOBP is 1 × 10 −9 Gy cm 2 per initial proton. Figure 3 (a) gives the theoretical proton energy distribution to generate the SOBP (shown in figure 3(b)) for a 4 × 4 cm 2 field defined at 100 cm source-to-surface distance (Fourkal et al 2007) . As can be seen in figure 3(a), to generate a SOBP dose distribution, more high-energy protons are needed than low-energy protons. The highest energy bin requires a largest number of protons because lower energy protons almost have no dose contribution to the Bragg peak position of the highest energy protons while its Bragg peak position always receives dose from higher energy protons. There are about 16.8% protons in the energy bin 181 MeV < E < 182 MeV in this distribution. From the laser proton energy spectrum shown in figure 2(a), we can calculate that about 0.023% protons are in the energy range of 181 MeV < E < 182 MeV. To form a 4 × 4 cm needed to deliver 1 Gy dose to the target can be estimated in the following way. To deliver 1 Gy at the plateau part of the SOBP for a 4 × 4 cm 2 field, N 1 = 16 × 10 9 protons are needed where the number of protons in the energy range 181 MeV < E < 182 MeV is N 2 = N 1 × 16.8% = 2.688 × 10 9 . Considering only 0.023% protons are in the energy in the range of 181 MeV < E < 182 MeV in the laser proton spectrum, the proton number in the whole spectrum can be calculated byN 3 = N 2 /0.023% = 1.169 × 10 13 . Finally we get the total number of initial protons N p = N 3 /12% = 9.7 × 10 13 . Since only less than 0.02% protons can go through the final exit collimator and deposit dose to the target, it is good enough to assume that 88% of protons will be stopped by the primary collimator and about 12% will be stopped by the particle selection system in this calculation.
As mentioned in the previous sections, the commonly recognized effect responsible for proton acceleration in laser-produced plasmas attributes to high-energy electrons, driven by the laser inside the target foil. As different target designs and laser systems can be used, the proton and electron output can be different. It is generally accepted that about 10% of laser pulse energy will be converted to proton energies while 30-40% to electron energies (Snavely et al 2000 , Emmanuel et al 2005 . In this calculation the electron yield was assumed to be the maximum of that range, i.e. 40% of the laser pulse energy. The proton and electron average energy can be derived from the energy spectrum shown in figure 2, where the proton average energy is 35.8 MeV and the electron average energy is 22.9 MeV. So to deliver 1 Gy dose to the target, the total number of electrons accelerated by the laser pulse can be estimated by N e = (9.7 × 10 13 × 35.8/10%) × 40%/22.9 = 6.06 × 10 14 . The ratio of electrons stopped by the primary collimator and the particle selection system can be considered the same as protons since they have similar angular distributions.
In general, there are four sub-sources in the laser-proton therapy system shielding calculation: protons at the primary collimator, protons in the particle selection system, electrons at the primary collimator and electrons in the particle selection system. For convenience and simplicity, we call these sub-sources the primary proton source, the secondary proton source, the primary electron source and the secondary electron source, respectively.
Potential materials for collimating and shielding
The shielding design for our laser proton therapy system should take into account both neutron/photon generation and their elimination. The proton range decreases with increasing material density; this suggests fabricating collimators with high-density materials such as brass, lead or tungsten. However, high-density materials usually are also high-Z materials which have a strong multiplicity ability of neutrons (IAEA 1998) and x-rays. In order to reduce neutron/photon contamination while still keeping the whole system compact, different potential materials and their combinations for the collimator construction will be carefully tested in this paper. On the other hand, neutron shielding requires materials rich in hydrogen, while x-ray shielding needs materials of high atomic number and density. One can use separate materials for the two purposes or materials that are good shields for both neutrons and x-rays.
The materials that have been considered for these purposes in this paper are machinable tungsten alloy, lead, copper, steel, polyethylene and borated polyethylene (BPE). Machinable tungsten (Mi-Tech HD-18.5 alloy, 97% W, 0.9% Fe, 2.1% Ni) has a very high density of 18.5 g cm -3 and is an effective beam stopper for charged particles and an excellent shielding material for x-rays where space is at a premium. The range of maximum energy electrons (270 MeV) in machinable tungsten is about 1.4 cm, while the range of the maximum energy protons (300 MeV) is about 5.3 cm. Tungsten also has a strong ability to reduce neutron energy for high-energy neutrons by inelastic scattering, the half energy layer value is only about 50% of lead and steel for 10 MeV neutrons (Nath et al 1986) . Lead has a high density of 11.35 g cm -3 , which is a good shielding material for x-rays. Compared to tungsten, lead is relatively cheaper and much easier to machine. Copper and steel have similar shielding abilities for MeV x-rays and can reduce the neutron energy by inelastic scattering for high-energy neutrons (>5 MeV). Steel is also a good structural material. Polyethylene (CH 2 ) is considered the best neutron shielding material available. It is available either pure (ρ = 0.92 g cm −3 ) or loaded with varying percentages of boron to increase the thermal neutron capture ability. Standard borated polyethylene (BPE, 11.6% H, 61.2% C, 5% B, 22.2% O; ρ = 0.93 g cm −3 ) contains 5% boron by weight.
Monte Carlo calculations
All the dose calculations in this paper were performed using the Fluka Monte Carlo code (version 2006.3) . Fluka covers an extended range of applications spanning from proton and electron accelerator shielding to target design, calorimetry, activation, dosimetry, detector design, comic rays, neutrino physics and radiotherapy (Fasso et al 2006) . It is equipped with different user selectable particle transport modes. Although among them there is a SHIELEINg mode, to be more accurate, in our shielding design HARDROTHErapy mode with low-energy neutron transport and low particle cut-off energy threshold was selected for all the simulations. Photonuclear physics was also turned on to determine the dose component due to photon-neutron production by bremsstrahlung x-rays.
Neutron and photon fluencies at various tally locations are converted to dose equivalent by Fluka through the specification of suitable conversion functions. For the neutron fluence, the NCRP-38 (NCRP 1971) conversion function was used. Because it is a maximum dose equivalent quantity, NCRP-38 provides a more conservative estimate of dose equivalent above several MeV than does ICRP-60 (ICRP 1990) ambient dose equivalent, which is referenced to a 1 cm depth in the ICRU phantom. For the photon fluence, the ICRP-74 (ICRP 1997) conversion function for effective dose, AP exposure geometry, was used. The choice of anterior-posterior exposure geometry gives the largest effective dose for a given fluence distribution. However, the maximum photon energy listed in ICRP-74 is only 10 MeV while the bremsstrahlung x-ray spectrum extends to the electron maximum energy. For photons with energies higher than 10 MeV, conversion coefficients were based on Fluka calculation, which shows similar values in the low-energy part with ICRP-74.
Several variance reduction techniques were used to make the dose calculation process more efficient. First, in the case of the proton source term, a global cutoff energy of 7 MeV was used to terminate transport for any sampled particle at or below that energy. The rationale for this is that in order to induce spallation neutrons, the proton energy must exceed the average nucleon binding energy. Second, since neutron production varies as the second power of proton energy, the proton energy distribution was biased to improve sampling in the high-energy bins of the distribution which are responsible for most of the neutron production. Third, as neutrons are the major concern of shielding calculations, a special technique in Fluka named multiplicity tuning was used to make the neutron generation from hadron or photon-neutron interactions more efficient. Furthermore, importance biasing and biasing mean free path (exponential transform) were also used in order to improve scoring efficiency at several tally locations. The application of variance reduction techniques together with a sufficient number of transport histories give a statistical uncertainty of less than 5% (1σ ) for all major tally results. 
Results
Primary collimator design
The design of the primary collimator for the laser-proton therapy system includes considerations of both the collimator thickness and the composition. To study the effect of potential collimating materials on neutron production and elimination, calculations of neutron spectra and neutron dose equivalent spectra were made for steel, copper, lead and tungsten. Ranges of 300 MeV protons in the four materials are 9.4 cm, 8.5 cm, 8.9 cm and 5.3 cm, respectively. As shown in figure 4 , the simulated primary collimator has a cross-section of 10 × 10 cm 2 and a length of 10 cm which can fully stop all the protons. Three tally cells (A, B and C) were located 20 cm away from the center of the primary collimator left surface with a radius of 2 cm. The calculated neutron spectra are distributed from thermal energies to the proton maximum energy (300 MeV). Because neutrons with energies less than 10 keV do not contribute appreciably to the total neutron dose equivalent, the spectra are plotted in the 10 keV and 300 MeV neutron energy interval (Yan et al 2002 .
The neutron spectra for all four materials were predominated by two large peaks: a highenergy peak centered at approximately 50 MeV produced by forward-peaked proton-nucleus reactions and a lower energy peak centered at about 0.6 MeV, mainly produced by isotropic evaporation processes when high-energy neutrons slowing down in the material. Figure 5 (a) plots the neutron dose equivalent spectra per proton at detector A for a particular material collimator design (a = 0 cm, b = 10 cm, c = 0 cm). It indicates that tungsten and lead are good materials for slowing down high-energy neutrons (>10 MeV) while lead does not perform well at the MeV energy range.
Further investigations were carried out to find out the thickness of the neutron absorption material needed to eliminate these neutrons. A polyethylene layer was located between the primary collimator and detector A with different thicknesses (2 cm, 4 cm, 6 cm, 8 cm and 10 cm) as used in the calculation. Figure 5(b) shows that the lower energy peak of the dose equivalent spectra drops dramatically as the polyethylene layer becomes thicker but the high-energy peak decreases slowly. A polyethylene layer of 8-10 cm thick is good enough to absorb neutrons with energies of several MeV and lower but is still nearly transparent to very high-energy neutrons. Tungsten is a good material for decreasing the energy of high-energy (>10 MeV) neutrons. But it is not acceptable to make the primary collimator thicker because of the limited space inside the gantry. It is also not a good idea to add a thick layer of tungsten to the surrounding wall due to the high cost and heavy weight.
Alternatively, a composite collimator design was studied in this research in order to reduce the production of high-energy neutrons while keeping the system compact at the same time. According to the data shown in IAEA Technical Report Series 283 (IAEA 1998), the neutron yield per proton shows a mild Z dependence of approximately Z 1/2 , and a strong dependence on proton energy of E p 2 . It is important to recognize that essentially the neutron production takes place early in the slowing down process of the proton beam. So better performance of a well-designed two-layer composite collimator can be expected compared to a single-material collimator. In this design, the first layer consists of relatively low-Z materials to slow down high-energy protons with less neutron production compared to high-Z materials. Lead is a high-Z material but its high-energy neutron production is relatively low, so lead can also be considered as a first layer material candidate. The second layer materials should have large neutron inelastic scattering cross-sections like tungsten to slow down high-energy neutrons. The neutron dose equivalent spectra at the forward direction (detector A) and the backward direction (detector B) by different composite collimator designs are shown in figures 5(c) and (d). Forward highenergy neutrons are greatly reduced for all the three composite collimators. However, the steel + tungsten composite collimator has much less back-scattering neutron dose, which makes it the best design of the three. The effect of steel/tungsten thickness ratio was also investigated. As shown in figure 5(e), different thickness ratios have opposite impacts on the high-energy dose peak and the low-energy dose peak. A combination of 1 cm steel and 9 cm tungsten is considered to be slightly better than the other two since high-energy neutrons are our major concern.
The neutron shielding ability of pure polyethylene and standard 5% borated polyethylene (BPE) is compared in figure 5(f) . BPE has a larger thermal neutron capture cross-section while pure polyethylene performs better in the energy range of 0.01-300 MeV since it contains more hydrogen. To reduce the neutron dose equivalent as much as possible, pure polyethylene was selected as a major neutron shielding material in our design.
The photon dose resulting from the electron slowing down process in the primary collimator is another issue since the tremendous number of incident electrons. Figure 6(a) shows the photon dose equivalent spectra at the forward (detector A) and backward direction (detector B) with two composite collimator designs. The steel + tungsten design has less photon dose than the lead + tungsten design at both directions since the bremsstrahlung generation features a Z 2 dependence, and the Compton scattering cross-section is proportional to the material density. Bremsstrahlung self-absorption in the primary collimator can greatly reduce the shielding requirement. Tungsten is a very effective shielding material for MeV photons, which can reduce the photon dose by more than 3 magnitudes for a 8-9 cm thickness. This is another reason for choosing the steel + tungsten composite collimator design. Neutrons generated by photonuclear interactions were also studied. As shown in figure 6(b), compared to neutrons resulting from proton-nuclear interactions, photon-neutrons have lower energies and much less dose contributions, which can be shielded by polyethylene easily.
Neutron and photon production in the particle selection system
Particles entering the magnetic fields in the beam selection system will be deflected by the Lorentz force and have a spatial distribution due to their energy spread. Different spatial distributions can be achieved by changing the strength of the magnetic field. Based on the results of our previous research (Luo et al 2005) , magnets to generate ∼4.4 T magnetic fields using NbTi superconducting wires are commercially available and will most likely be used in our system. As shown in figure 1 , protons with positive charges will go upward and most of them will be stopped by the energy selection collimator or the shielding wall while electrons with negative charges will go downward and most of them will be stopped by the electron stopper. Figure 7 shows protons spatial distribution on the surface of the energy selection collimator and the shielding wall as a function of proton energy. Only protons with energies above 92 MeV can reach the energy selection collimator and be used for treatment. The tungsten energy selection collimator was designed to be 5.3 cm thick as the maximum energy protons (300 MeV) have a range of about 5.3 cm in tungsten. It will be a conservative way to assume that the energy selection collimator is totally closed in our calculation since all the protons will be stopped in the particle selection and collimation system in this way. Low-energy protons are deflected to larger angles and have a wide spatial distribution along the surface of the shielding wall. A 2 cm thick steel layer on the inner wall is enough to stop these protons (92 MeV protons have a range of about 1.25 cm in steel). Different from protons, electrons with the same energy have much less mass while receiving stronger Lorentz force because of their faster speed. Most of the electrons cannot go through the first magnetic field. These electrons perform a ∼180
• rotation in the first magnetic field. A tungsten electron stopper is designed right below the primary collimator to stop these electrons. Figure 7(c) shows the electron spatial distribution on the right surface of the primary collimator and electron stopper. Only electrons with energies above ∼90 MeV can go further and reach the shielding wall or even the beam stopper below the energy selection collimator. The effect of these electrons is negligible because of their small number (<0.2% according to figure 2(b) ).
The bremsstrahlung photon doses per therapeutic absorbed dose (H/D) at detector positions D, E are plotted in figure 8 to illustrate the influence of the electron beam stopper thickness on H/D values. Dose from the primary electron source at the same location is also plotted in figure 8 as a reference. D, E are located at the same positions as shown in figure 9 while there is no shielding material between the detector and the electron beam stopper. The H/D value reduces very quickly as the beam stopper thickness increases. A 3-4 cm tungsten layer is thick enough to make this dose be comparable to the photon backscatter dose from the primary collimator. However, considering these transmission photons have higher average energy, a 6 cm thick electron beam stopper was used in our design.
Total photon and neutron dose equivalent
As mentioned earlier, the goal of our shielding design is to ensure the head leakage to be less than 0.1% of the therapeutic absorbed dose. To achieve this, a multiple-layer shielding around the particle selection system was designed in this study. As shown in figure 9 , the system is surrounded by a layer of polyethylene and an outer layer of lead. Polyethylene is the major shielding for neutrons while lead is efficient to shield bremsstrahlung photons from the electron source and gamma rays from (n, γ ) reactions. A special 4 cm tungsten layer on the inner side of the right shielding wall is designed to slow down high-energy neutrons produced at the secondary proton source. Detector cells B-F with a radius of 2 cm are located around the system at a distance of 100 cm from the center of the primary collimator left surface to The whole collimation and particle selection system is surrounded by a layer of polyethylene and another layer of lead while the up inner side has an extra layer of steel to stop low-energy protons. All the detectors except G are located at a distance of 100 cm from the primary collimator center. Detector G is located at 50 cm away from the exit collimator.
monitor the leakage dose. Detectors A and G are used to estimate potential extra dose to the patient where A is located right after the exit collimator and G is located 50 cm away along the beam direction. Results shown below are expressed in dose equivalent per therapeutic absorbed dose (H/D).
To evaluate the necessary thickness of shielding materials, a three-step calculation strategy was used in our shielding design. Considering that most x-ray photons from the electron source are absorbed by the primary collimator and the electron beam stopper, the shielding design will mainly focus on the neutron and photon dose from the proton beam. First, neutron H/D from the proton beam at different locations without shielding was calculated to estimate the necessary thickness of polyethylene for neutron shielding. Second, including the polyethylene layer in the calculation geometry, photon H/D from thermal neutron captures was calculated to estimate the necessary thickness of the lead layer. Finally, the whole system was simulated including all the shielding layers and components inside the gantry for both the proton and electron sources to calculate the total dose at each detector point.
Figure 10(a) shows the neutron dose equivalent per therapeutic dose at different locations without shielding. The H/D values ranged from approximately 0.3% to 1%, which means that the neutron dose has to be reduced by at least 10-20 times. Fortunately, the maximum values of H/D were recorded at detector points D and E which we mainly attribute to backscattered neutrons from the primary collimator. As shown in figure 5(d) , most of the backscatter neutrons have energies ranging from 0.1 MeV to 10 MeV, which can be effectively absorbed by the polyethylene layer.
Based on these data, a shielding design, which covers the beam selection system with 12 cm polyethylene on the left side and 10 cm for the rest of the walls, was tested. As shown in figure 10(b) , contributions from the primary proton source and the secondary proton source That is the reason why we studied different designs of composite primary collimators in section 3.1 to reduce high-energy neutrons. Thermal neutron captures in the shielding materials will release γ -rays by (n, γ ) reactions. The major thermal neutron capture in polyethylene is the H(n, γ ) reaction, which will release 2.22 MeV γ -rays. The tenth value of the lead for 2.22 MeV photons is about 4.4 cm. To estimate the necessary thickness of the lead layer, γ -ray doses at different locations produced by thermal neutron captures in polyethylene were calculated and shown in figure 10(c). By comparing figures 10(a) and (c), we see generally the γ -ray dose is proportional to the neutron dose. Although the dose contribution from the thermal neutron capture was relatively low, a 3 cm lead layer was added to cover the polyethylene layer since it can also help shield x-ray photons coming from the primary and secondary electron sources.
Finally, x-ray doses from the electron beam source were calculated with both the polyethylene and lead layers taken into account. As shown in table 1, the maximum dose was recorded at detector E which comes from bremsstrahlung and backscattered photons. Compared to the proton beam source, the electron beam source contributes much smaller doses and can be further reduced easily by adding more lead. The photon-neutron dose already becomes undetectable after the polyethylene and lead layers. The total dose equivalent per therapeutic absorbed dose (H/D) tot and its composition from different sources are listed in table 1. The maximum value of (H/D) tot happens at detector B, which is also below 0.1% criteria.
Discussions
The leakage dose rates for the treatment head presented in table 1 should be interpreted as the maximum values, based on the conservative assumptions made throughout the entire analysis. Effects of self-shielding in the form of bending magnet structures and internal baffles were also ignored in this paper. Moreover, one of the most important issues in shielding calculation is the proton energy spectrum coming out of the laser acceleration. According to the published theoretical and experimental data, the laser-proton spectrum is strongly related to the target design. The exponential energy spectrum used in this calculation is based on a single flat target design, which has almost 100% energy spread. Although the mechanism for proton acceleration is still under study, any other designs that generate spectra worse than this are considered unacceptable. A laser-driven quasi-monoenergetic ion beam with a vastly reduced energy spread of 17% was reported recently using a named heated-up double-layer target design (Hegelich et al 2006) . The leading short bunch of ions shows a monoenergetic energy distribution with a mean energy of E ≈ 36 MeV and a full-width at half-maximum of 6 MeV was found in their experiment. Such quasi-monoenergetic ion sources may lead to significant advances in beam delivery and shielding design.
Another important issue related to the shielding design is the criteria used. Currently used 0.1% head leakage per therapeutic absorbed dose criterion is mainly designed for the 3D-CRT treatment technique. For photon IMRT treatment, in the case where the beam is modulated by either the MLC or a physical compensator, the actual leakage dose will be increased due to intensity modulation by the modulation scaling factor (MSF). Similar leakage radiation increments were found if the scanning beam delivery is used for a laser-proton therapy facility. Although there is no requirement to involve MSF in shielding design, we can estimate the potential leakage dose increase if the scanning beam delivery technique is used. For our laser-proton system, the modulation scaling factor depends on the maximum target crosssection area perpendicular to the beam direction. It is reasonable to assume an averaged MSF of 10 if a 1 × 1 cm 2 pencil beam is used for scanning. As discussed in section 2.2, the particle number ratio of the secondary source and the primary source mainly depends on the field size in using. A smaller field size or smaller opening angle of the primary collimator means that fewer particles can enter the particle selection system. For a 1 × 1 cm 2 field, leakage dose contributions from the secondary source are negligible. Therefore, a factor of 1.14 (12%/88% = 0.14) will be used in our estimation by assuming that all the particles from the laser acceleration are stopped by the primary collimator. According to data shown in figure 10(b) and table 1, the maximum leakage dose at position B has 40% of the dose contributed by the primary source. So roughly the maximum leakage dose when the scanning beam delivery is used can be estimated as 9.77 × 10 −04 × 40% × 1.14 × 10 = 4.45 × 10 −03 Sv Gy −1 . Generally the head leakage requirement is set out only for the region outside the boundary of the proton exit collimator. However, it is important to find out the leakage dose contribution inside the treatment field. As shown in figure 9, two detectors A and G were used to estimate extra dose to patient. Results are given in figure 10 and table 1. The total dose drops quickly as the distance to the exit collimator increases. Since the ratio of the total dose at detector A and that of detector G is 1.86/6.46 = 0.288, the total leakage dose inside the field falls off as r −3.07 where ris the distance from the primary collimator. According to published results (Agosteo et al 1998 , Binns and Hough 1997 , Yan et al 2002 , for a conventional proton therapy facility, the neutron dose to patients treated with passively scattered proton beams ranges from 10 −4 Gy to 10 −2 Gy per therapeutic Gy at 50 cm distance from the nozzle. The neutron leakage inside the field for the laser-proton system has already been close to the lower boundary of this range if a quality factor of 15 is used.
Conclusions
In this work, we have studied the shielding design of a laser-accelerated proton system for intensity-modulated proton therapy. The main aim is to show that a previously studied particle selection system is capable of delivering clinically relevant proton beams while at the same time, the treatment head leakage can be limited to meet the shielding design criteria. Monte Carlo calculations using several variance reduction techniques were performed in this study. Different shielding materials were carefully compared and selected to make the whole system compact. It was found that the use of a composite collimator design can greatly reduce highenergy neutron dose contributions without increasing the primary collimator thickness. For the whole system shielding, a two-layer design was tested in this paper. Overall results of the present study suggest that a polyethylene layer of 10-12 cm thick and a lead layer of 4 cm thick are enough for the laser-accelerated proton therapy system with the head leakage within the regulatory dose limits.
